RISE vessel data show there are two depth ranges associated with density overturns and vertical mixing. Dynamic analysis reveals that the overturns correspond to the depths with the gradient Richardson number Ri g less than a critical value of ~0.25. The nonlinear interaction between ambient shear and the NLIWs is responsible for velocity shear intensification and causes Ri g to decrease below the critical value. In addition, due to the presence of ambient velocity shear, the maximum NLIW velocity shear occurs at a depth below the interface where there is less stratification, which enhances the NLIW-induced turbulent mixing. The Ri g calculated from the in-situ measurements is consistent with the results of the theoretical analysis.
The tidal outflow from the Columbia River (CR) forms a coastal plume that is important to the coastal ecosystem [Barnes et al., 1972; Grimes and Kingsford, 1996; Hickey et al, 1998] . Observations indicate that the CR plume consists of four distinct water masses:
(a) source water at the lift-off point, and (b) the tidal, (c) re-circulating, and (d) far-field plumes . The tidal plume is the water from the most recent ebb, with a radius of ~10-30 km. It is bounded by a distinct front that often generates nonlinear internal waves (NLIWs; [Nash and Moum, 2005] ). The plume front is the most energetic part of the plume and exhibits vigorous turbulent mixing, which disturbs the seabed, dissipates plume energy and mixes upwelled nutrients and iron (Fe) from resuspended river sediments into the surface layer [Orton and Jay, 2005; Zaron and Jay, 2008, this volume] .
The strong stratification and high energy levels of the CR plume lead to the frequent occurrence of NLIWs. NLIWs often appear by interaction between shoreward propagating tides and the sharp topography of the continental slope [Moum et al., 2003, Stanton and Ostrovsky, 1998 ]. NLIWs are also generated at the plume front, propagating offshore, and the generation occurs as the tidal plume front transitions from supercritical to subcritical conditions [Nash and Moum, 2005; Jay et al., 2008] . These NLIWs are nonlinear solitary waves, or internal solitons. Pan et al. [2007] analyzed a group of internal solitons generated at and traveling off the CR plume front using a satellite synthetic aperture radar (SAR) image and extracted the internal soliton dynamic parameters based on a SAR internal soliton imaging model. For the CR plume frontal internal solitons, Pan and Jay [2008a] found that high-order KdV theory is preferable for description of the the dynamic properties of the solitons. They demonstrated that the plume front-generated internal solitons can expand the plume area up to 20%, and carry ~75% frontal energy out of the frontal region. Jay et al. [2008] reported that there are obvious differences in internal wave generation at upstream fronts between upwelling and downwelling conditions. Under typical downwelling conditions, the tidal plume front is usually broad (up to 5 km) and diffuse on its upstream southern side. However, under summer upwelling conditions, the upstream front remains sharp and narrow (only ~50-200 m wide on its upwind or northern side). They found that NLIW generation occurs regularly under upwelling conditions. The generation is first seen on the southern side, and the front proceeds to "unzip" from south to north. Jay et al. suggested that potential vorticity conservation causes northerly fronts to thin and remain supercritical for an extended period, up to 12 hrs. Frontal NLIWs influence the interaction between the CR plume and ambient coastal water and have a major impact on the coastal ecosystem because the frontal internal waves can influence vertical mixing near the plume front and affects interaction of the tidal plume with plume near-and far-field waters. Many investigators documented mixing caused by internal waves. Sandstrom et al. [1989] argued that the shear intensified by internal waves could reduce the gradient Richardson number Ri g . Sandstrom and Oakey [1995] found enhanced turbulent mixing on the Scotian Shelf occurring in a region with strong shear caused internal waves. Observations of internal waves off the Oregon coast by Moum et al. [2003] showed that high acoustic backscatter beginning in the vicinity of the internal wave trough and continuing through its trailing edge and wake. The acoustic backscatter coincided with overturning, high-density microstructure, and turbulence at the interface. Nevertheless, the calculated Ri g was larger than critical value of 0.25, suggest-ing a stable condition. They speculated that the acoustic Doppler current profiler (ADCP) time and space resolution did not allow capture of velocity shear caused by the internal waves. Based on the high-resolution density measurements, they deduced existence of a velocity layer with strong shear in the interface, which could produce the observed turbulence. Working in the same area, Avicola et al. [2007] reported that there are three principal components contributing to the velocity shear for the mixing process, the slowly varying thermal wind shear, the M2 internal tide, and near f waves, all of which were of similar magnitude. When the three dominant shear constituents interfere constructively, enhanced turbulent mixing occurs. Clearly, it is common in coastal seas for NLIWs to co-exist with ambient currents. This is particularly pertinent in the CR plume region, because NLIWs are frequently generated at the tidal plume front, an environment that often exhibits strong shear. It is still, however, under investigation of how the ambient shear modifies dynamic structures of the frontal NLIWs and how the interaction of the ambient shear with NLIWs affects the mixing status in the frontal area. In this study, we analyze the influence of the ambient current shear on NLIW dynamic properties and associated turbulent mixing using theory and in-situ measurement data collected by the River Influence on the Shelf Ecosystem (RISE) project. This investigation deepens our knowledge of frontal mixing processes and the plume ecosystem as a whole.
RISE cruises and observations
The RISE study hypothesizes that waters influenced by the CR plume are more productive than adjacent coastal waters, especially off Washington. Understanding the im-pact of the highly mobile CR plume on coastal production and transport patterns requires that measurements be made on a variety of scales from turbulence to internal waves and fronts, to those of the plume and the underlying shelf circulation. RISE emphasizes, therefore, rapid surveys and detailed process investigations. AXUS ADCP, and ship-mounted ADCP data sets are used in the analyses described herein, along with scalar data from TRIAXUS. With the GPS data of the cruise ship, the ship-mounted ADCP measured ocean current velocities can be converted into those in the Earth coordinate system, and the converted velocities can be used as references for the TRIAXUS ADCP velocity measurements [Pan and Jay, 2008b] . In addition, X band shipboard radar images are collected every minute in 2006 RISE cruise. The ship radar images show sea surface roughness, and often reveal the presence and properties of internal waves and plume fronts. The density profiles and the ADCP data are shown in Figure 3 . The upper panel (Figure 3a) is density profiles observed by the Seabird CTD onboard the TRIAXUS towfish.
The figure suggests that there are density undulations between longitude 124.292°W and 124.286°W. However, the TRIAXUS CTD cannot fully resolve NLIW structures, because the NLIW wavelength (~70m) is considerable less than the cycle distance of the TRIAXUS (~300m). The middle panels (Figures 3b and 3c) show the horizontal crestnormal and vertical velocities, respectively. There are positive horizontal velocity anomalies relative to the background induced by the NLIW (Figure 3b ) suggesting that waveinduced water movement are in the direction of the wave travel. On the leading edge of the NLIW, the water particles move downward, and on the other side, upward, which causes a convergence zone on the leading edge and a divergence zone on the other for each of the NLIWs (Figure 3c ). Figure 3d shows the ADCP beam echo intensity, which better resolves the NLIW features, indicating intensified ADCP echo backscattering below the interface of upper and lower layers and suggesting that the NLIW are stronger than those at the interface of density layers and the maximum wave amplitude is below the normal interface depth. 
Effects of ambient shear on dynamics of frontal NLIWs
Two-dimensional internal waves may be described by a stream function ψ. The stream function is a product of linear wave speed (C 0 -U) and the vertical displacement
, where ct x − = χ ; c 0 and c are the linear wave and NLIW speeds, respectively, and U is the ambient velocity. The vertical displacement has a sepa-
, in which, φ(z) is the internal wave vertical structure function, satisfying the following eigenvalue equation
where c 0 is determined from eigenvalues, and N is the buoyancy frequency of undisturbed density ( The role of shear on coefficients α and β is evident from (3) and (4), but the coefficient (2) is more complex - [Holloway, 2002] For the high-order KdV equation (2), there is a soliton solution, The solutions for φ and ξ from (1) and (6) are shown in Figures 6a and 6b , with and without shear. The value of maximum φ (z max ) with ambient current shear is deeper in the water column than for the case without shear, suggesting that the ambient current shear modifies the vertical structures of NLIWs. Without shear, z max is -10.7 m, whereas with shear, the z max is changed to -13.5 m. There is a little difference in the position of the extrema in ξ between the two cases. Because z max is deeper with shear than without, the depth range for ξ in the upper level with shear is broader and the magnitude is larger than that without shear.
The vertical structure function φ and the correction function ξ are used to determine the parameters α, β, and α 1 from equations (3)-(5). These parameters are listed in Table   2 . Larger differences are found between shear and no-shear conditions for β and α 1 than for the α. The absolute values of β and α 1 are one and five times smaller under the shear than under no-shear condition, whereas α shows a 10% difference.
The above solutions can be compared to observations. Using the ADCP echo intensity data ( Figure 2d In order to determine the response of the solution to variations in the ambient shear we use a three-parameter model to parameterize the ambient velocity Table 1 .We judge that the models adequately represent velocity profiles.
Using (1)- (6) and U m , we re-calculate the parameters, α, β, and α 1 for a variety of shear conditions through adjustment of the velocity shear model parameters, U 0 , h U , and δh U . Figure 8 illustrates variations of α, β, and α 1 in response to changes in the parameters, U 0 , h U , and δh U . Note that α decreases as U 0 varies from -0.4 to 0.4 (Figure 8a ), whereas it exhibits less variation with h U and δh U (Figures 8b and 8c ). An interesting feature in the relationship between α and h U is that as h U approaches -10 m, α increases and then drops dramatically as h U reaches -7.5 m (Figures 8b). In contrast, increases of U 0 , h U , and δh U result in larger β (Figures 8d, 8e , and 8f). Parameter α 1 has the same responses to U 0 , h U , and δh U as α. With an increase in U 0, α 1 decreases (Figure 8g ), but the changes of α 1 caused by h U and δh U are relatively small (Figures 8h and 8i ). To calculate O v , we need first to sort the density profile and then, obtain the difference between the density and the sorted density. Finally, the rms of the density difference in every 0.4 m depth interval is derived. Figure 11 shows the overturns and the overlapped ADCP echo intensity, revealing that there are two depth ranges in which density overturns are prominent; one is located at a depth of 6 -10 m, the other at 14 -20 m. The ambient shear depth (Figure 5c ) is maximimal at 9 to 13.8 m, between the layers of overturns. The ambient shear distribution does not appear to match the depth ranges of the overturns, but the overturn range 14 to-20 m might be related to the deepening of z max to 13.5 m., showing the role of the NLIW shear.
In order to explore the reasons for the observed overturns, we derive the gradient Richardson numb Ri g with and without ambient shear. The ambient shear is taken from ADCP data, and the NLIW shear is determined from the above NLIW model. The NLIW induced horizontal velocity and its vertical shear can be obtained from the stream func- The first term on the right hand side is the ambient shear in isolation, the second is the NLIW shear in isolation, and the last two terms represent nonlinear interactions between the ambient shear and the NLIW shear. All four terms are, however, "warped" by the distortion of the vertical coordinate by the NLIW.
The density vertical gradient is also modified by disturbance of the isopycnals, so the density gradient is (17) and (19), we calculate the Ri g at the center of the first NLIW, where the NLIW amplitude is η=η 0 (12.6 m). The profile of the calculated Ri g is shown in Figure   12 , with and without ambient shear and NLIW shear. There are two depth ranges below 7 m with Ri g less than the critical value of 0.25. The first one is between 7.5 -10 m, which is consistent with the density overturns ( Figure 10 (Figure 12b) , whereas (c 0 -U)η 0 is relatively steady, but below 9 m, (c 0 -U)η 0 exhibits strong variations (Figure 13a ). The product of the two terms ( Figures   13a and 13b) forms a peak between 7.5 and 10 m for ψ (Figure 13c ). The water particle velocity consists of two components; one is the NLIW-induced velocity u=-dψ/dz, and the other is the ambient velocity U. The total velocity is shown in the solid line in Figure   13d , and the ambient velocity U is in dash line. Figure 13d reveals that the amplitude of the total velocity is much greater than U, indicating that the NLIW-induced velocity shear is much bigger than ambient velocity shear. The total water particle velocity shear is Another depth range with total Ri g <0.25 in Figure 13 is between 13 and 19 m, which is consistent with the presence of density overturns in that depth range. By examining the profiles of (c 0 -U)η 0 , φ, andψ (Figures 13a, 13b , and 13c), we find that the peak velocity between 13 and 19 m is related to the interaction between the ambient velocity shear and the NLIW deepening effect. In this depth range, the ambient velocity shear modifies the vertical structure of NLIW-induced velocity. Close to the depth of NLIW maximum amplitude (13.5 m), the ambient velocity shear has a minimum, and there is a velocity inflexion point. The combination of maximum amplitude and the ambient velocity inflex- Thus, there is more potential to support shear-driven turbulent between 13 and 19 m. This is a second mechanism for the turbulent mixing generated by the appearance of the NLIWs.
The nonlinear interaction is represented by the last two terms on the right hand side of equation (17). We show the profiles of these four terms in Figure 14 . The magnitudes of terms 1, 2, and 3 of (17) The effects of the intensity and sense of the ambient shear on the total Ri g (including both the NLIW and ambient flow contributions) are investigated using different ambient shears. The ambient velocity in equation (1) is assigned the values U, 0.3U, -0.3U, and -U, where U represents the observed velocity profile. Thus, the ambient shear is for the four cases is , 0.3 ,-0.
We assume the NLIW amplitude is unchanged, but that the ambient shear is different. According to the analysis of Section 3, the phase speed will change with the ambient shear, if NLIW amplitude is unchanged,. Using (17) and (19), we derive the depth profiles of the Ri Figure 15 . As the ambient velocity is assigned -U or -0.3U, it is in NLIW-favorable direction. Figure 15 shows that Ri g is nearly independent of the ambient velocity direction, as one might expect from its quadratic nature. Thus, it is the shear magnitude that primarily affects Ri g -Ri g is greater when the ambient velocity is ±U than for ±0.3U. This result is consistent with the previous discussion that, for mean flow-NLIW induced shear, the nonlinear interaction term, , is a dominat factor. Thus, the square of total velocity shear is close to , and therefore, Ri
related to the sign of U. This discussion might be over-simplified in the sense that NLIW amplitude keeps a same value as the shear changes. However, NLIW amplitude could not be unchanged when ambient shear varies as suggested in Section 3. Here, for simplicity, we only demonstrate that the nonlinear interaction between ambient shear and NLIW is largely independent of the ambient velocity direction. The theoretical analysis can also be compared to observations. Using the density profile measured by the CTD on the TRIAXUS and the ADCP measured velocity layer, we calculate the actual Ri g . Figure 16 shows the Ri g and the ADCP echo intensity. There are four depth ranges for the leading NLIW with the Ri g less than 0.25; one is shallow surface layer with depth 2 -4 m; another is 10 -12 m; the third is 18 -22 m in the leading NLIW, and the last is 22-25 in some of the later NLIWs. The second and third depth ranges are consistent with the analytic results above, while the shallow shear above 4 m is likely related to surface processes. The deeper shear in the later NLIWs (range 4) is a bit of a puzzle. We tentatively suggest that the first NLIWs form part of the background for the later NLIWs, further deeping the NLIW shear maximum for the later NLIW. Although there are discrepancies between the Ri g in Figure 16 and the density overturns in Figure 11 , both exhibits the same general patterns. This verifies NLIW analysis results, namely interaction of NLIWs and the ambient shear plays important role in driving vertical mixing.
Discussion
Results from the previous section shows that the interaction of NLIW and ambient velocity shear can greatly modify the mixing status of the near surface waters in the tidal plume and near-field. It is still necessary to identify mesoscale dynamic processes in the CR plume region that cause the ambient shear, and the connection between mesoscale dynamic processes and the mixing status of the CR plume region. Jay et al., [2008] observed that CR plume frontal internal waves occur more often under upwelling and neutral conditions than during downwelling, because these conditions favor the release of internal waves from the more energetic northwest side of the plume front. Thus, particularly under upwelling and neutral conditions, the ambient velocity shear associated with the coastal upwelling regime can combine NLIWs generated at the front to make the frontal region an active mixing area. Strong ambient velocity shear can also be caused by the by internal tides in the CR plume region, giving rise to strong mean flow and NLIW interaction. This interaction could also enhance NLIW-induced turbulent mixing, but we lack the data to quantify this effect.
Summary and conclusions
The tidal outflow of the Columbia River forms strong density stratification in the coastal ocean waters off the river mouth, and NLIWs are often seen. The NLIWs are gen- Figure 17
